Assessing the safety of genetically engineered crops includes evaluating the risk (hazard and exposure) of consuming their newly expressed proteins. The dicamba monooxygenase (DMO) protein, introduced into soybeans to confer tolerance (DT) to dicamba herbicide, was previously characterized and identified to pose no food or feed safety hazards. Most agricultural commodities (e.g., soybeans, maize) enter the food supply after processing methods that can include exposure to high temperatures, harsh solvents or pH extremes that can adversely impact the structure and function of proteins. To understand the likelihood of exposure to DMO in foods from DT soy, enzymatically active and/or immunodetectable forms of DMO were measured in pilot-scale productions of two soy foods (soymilk and tofu), and eight processed fractions (full fat flour, inactivated full fat flour, defatted flour, toasted meal, protein isolate, protein concentrate, crude lecithin, and refined, bleached and deodorized oil). Western blot analysis detected DMO in tofu and in five of the eight processed fractions. DMO activity was not detected in either soymilk or tofu, nor in six of the eight processed fractions. Therefore, many commercial soy processing methods can denature and/or degrade introduced proteins, like DMO. Although the DMO protein has shown no evidence of hazard, this study demonstrates that processing further reduces any food or feed risk by limiting dietary exposure to intact DMO protein.
Introduction
With a growing global population, the need for a safe, nutritious and adequate food supply is essential. Genetic engineering of crops is one of many scientific advances in agriculture that has been developed to help address the need for efficient and sustainable food production (NAS, 2016) . Soy is one of the world's largest commodity crops with worldwide production exceeding 12.5 billion bushels in 2016 (OECD, 2012; SoyStats, 2017) . Soy is cultivated because it is a rich source of both high-quality protein (33-46% w/w) and oil (∼20% w/w). Starting with the introduction of Roundup Ready™ soybeans to the U.S. market in 1996, GE soybean varieties with novel traits have been cultivated in leading soybean exporting countries such as the U.S., Brazil, and Argentina. GE soybean varieties currently represent 87-94% of the soybeans grown in these countries (ISAAA, 2016) . Genes encoding proteins that confer herbicide tolerance or insect protection have been incorporated into soy varieties via biotechnology, providing benefits to producers, consumers and the environment (Areal et al., 2013; Barrows et al., 2014) .
Approximately 85% of the world's harvested soybeans are processed on an industrial scale into meal and oil, with 98% of the meal incorporated into animal feed (Soyatech, 2014) . The remaining 2% of the meal is further processed into soy flours and soy proteins for use in food products. Approximately 6% of the world's soybean production enter the human food market, predominantly in Asia (Soyatech, 2014) . However, raw soybeans are not typically consumed by humans (or any other monogastric animal) due to the deleterious effects on their digestive tract from endogenous antinutrients, such as protease inhibitors and, to a lesser extent, lectins (Friedman and Brandon, 2001; Liener, 1994 Liener, , 1995 Tan-Wilson and Wilson, 1986; Vasconcelos et al., 2009 ). As such, the protease inhibitors present in soybeans (i.e., inhibitors of the digestive enzymes trypsin and chymotrypsin) must be functionally denatured to safe levels prior to consumption. Denaturation/reduction of endogenous soy antinutrient proteins is primarily accomplished by thermal processing, but may also be accomplished by the chemical fractionation steps employed during processing (Anderson and Wolf, 1995) . The applied heat treatments must be carefully balanced to adequately inactivate endogenous antinutrients while maintaining https://doi.org/10.1016/j.yrtph.2018.12.006 Received 30 August 2018; Received in revised form 29 November 2018; Accepted 14 December 2018 good protein nutritional quality (Batal et al., 2000; Caprita and Caprita, 2010; Caprita et al., 2010a Caprita et al., , 2010b .
The widespread adoption of GE soybeans has been preceded by extensive safety assessments of each new GE soy variety following globally accepted regulatory standards (Codex, 2003a; 2009; EFSA, 2011; FDA, 1992; OECD, 1993) . Importantly, these assessments are based on a "weight of evidence" approach for characterizing any potential hazards of newly introduced proteins relative to exposure to the protein (Delaney et al., 2008) . The exposure assessment includes testing the protein's stability under conditions typically encountered during processing, cooking, and consumption (e.g., elevated temperature and pepsin digestion).
One of the first publications describing extraction and immunodetection methods for a protein (CP4 EPSPS) introduced into a GE crop (Roundup Ready™ soybean 40-3-2) showed that processed fractions had significantly reduced levels of immunologically reactive CP4 EPSPS protein (Rogan et al., 1999) . These results showed that toasted meal had a 4-fold -5.6-fold reduction in the quantity of protein detected by western blot and ELISA, respectively. Additionally, it showed a 50% reduction in the ability to solubilize protein during extraction from toasted meal, relative to solubilizing proteins directly from intact seed samples. One of the few other studies on the effect of food processing conditions on introduced proteins in GE crops demonstrated that detectability of Cry1Ab in Bt maize was markedly diminished (40%) by nixtamalization (soaking corn grain with a strongly alkaline solution prior to making tamales and tortillas) at 100°C for as little as 5 min, and the protein was undetectable when tortillas were fried at 190°C for 10 s (de Luis et al., 2009) . However, these studies, and others (Diaz et al., 2002; Wang et al., 2015) , haven't assessed the impact of processing conditions on the functional activity of the introduced protein(s).
The purpose of the present study was to determine the effect of common commercial soy processing practices on the immunodetectability and functional activity of DMO, a protein that confers tolerance to the herbicide dicamba, in GE soybeans with the dicamba tolerance (DT) trait. A total of eight soybean materials, including two food products (tofu and soy milk) and eight processed fractions [full fat flour, inactivated-full fat flour, defatted flour, toasted meal, protein isolate, protein concentrate, crude lecithin, and refined bleached deodorized (RBD) oil] were assessed. This analysis was focused specifically on the immuno-detectability and activity of the DMO protein. The results presented are likely representative of the fate of many other proteins present in harvested soybean seed that are subjected to commercial processing to make food and feed products.
Materials and Methods

DT soybeans
Mature seed harvested in 2008 in Wyoming, Illinois was used as the starting material for the production of the processed materials derived from DT soybeans.
Control soybeans
The conventional soybean line A3525, which has a similar genetic background to DT soybeans, was used as a negative "control" line. The mature seed used in this investigation was harvested in 2008 in Wyoming, Illinois.
DMO protein standard
A DMO protein standard (0.18 mg/ml total protein and 84% DMO purity), isolated from the grain of DT soy as described previously (Wang et al., 2016) , was loaded on stained gels as a positional marker and loaded on western blots to generate a standard curve. It should be noted that the DT soy-produced DMO is present in two forms, namely DMO and DMO+27. In DT soy, the DMO protein is targeted for chloroplast import via N-terminal fusion with a chloroplast transit peptide (CTP). The details of the CTP sequence used for DMO targeting to chloroplasts have been described by Wang et al. (2016) . DMO is the fully processed form of the protein where the targeting sequence was completely removed, while DMO+27 includes an additional 27 amino acids originating from the pea Rubisco small subunit/intervening sequence (Wang et al., 2016) . Therefore, throughout most of this paper, these two forms will be collectively referred to as DMO.
Production of processed soy materials
The processing of DT soy and the conventional soybean line A3525 was conducted at GLP Technologies (Navasota, TX) in a batch-wise manner that approximates the conditions encountered during commercial scale processing (Liu, 1999) . Processed fractions and food fractions were stored in a −20°C freezer until analysis. The T.C. Lee et al. Regulatory Toxicology and Pharmacology 102 (2019) 98-107 temperature, chemical treatment(s) and durations for key processing steps are summarized in Table 1 , with further details provided below for each processed fraction.
Soymilk
Whole soybeans were washed and then soaked with reagent grade water at ambient temperature for at least 12 h until seed weight had approximately doubled. Excess water was drained away and soaked beans were ground in a blender on high for 3 min at a ratio of 100 g of soaked beans to 375 g of water. The homogenate was filtered through Whatman # 41 filter paper to remove fibrous materials, and the liquid portion retained as the soymilk. The soymilk was heated at 90.6-96.1°C for 9-10 min.
Tofu
Soymilk was heated to 75-85°C and stirred while slowly adding a calcium sulfate solution (15 g calcium sulfate/100 ml boiled water). Stirring and addition of the solution was stopped when the curd (tofu) formed and the liquid became clear. Tofu (curds) and the whey were separated by centrifugation.
Full fat flour
This soy fraction is commonly termed enzyme-active full fat flour (Liu and Limpert, 2004) Clean whole soybeans were cracked using an A.T. Ferrell roller mill and the resulting kernel and hull materials separated via one pass through a Kice aspirator. Kernel material was ground in a Glen Mills disc mill equipped with stone plates; the material passing through a 62-mesh screen was collected as full fat flour.
Inactivated full fat flour
Clean whole soybeans were soaked in water for 45 min under vacuum. Soaked beans were roasted in a Micro Tosta Caffe roaster for 12 min at 171-182°C. Roasted soybeans were cracked, and the resulting kernel and hull materials separated via one pass through a Kice aspirator. Kernel material was ground in a Glen Mills disc mill equipped with stone plates; the material passing through a 62-mesh screen was collected as inactivated full fat flour.
Defatted flour
Kernel material was heated to 71.1-79.4°C in a Marion mixer and flaked in an A. T. Ferrell flaking roll. Flakes were placed in stainless steel batch extractors and submerged in hexane at 48.9-60°C. The miscella (crude oil and hexane) was drained away and the flakes reextracted as before a total of two more times with fresh solvent. The extracted flakes were de-solventized with warm air, ground in a Glen Mills disc mill and screened with a Great Western sample sifter equipped with a 62-mesh sieve.
Protein isolate
Defatted flour was added to purified water at a ratio of 1 g flour to 15 g water, and mixed for approximately 15 min. The flour/water dispersion was heated to 50-60°C and the pH adjusted to 8.5 using a 24% solution of sodium hydroxide. After mixing at pH 8.5 for 45 min, insoluble material was removed by centrifugation and filtration. The clarified solution was adjusted to pH 4.5 using 25% hydrochloric acid and allowed to cool. The solids generated from the low pH treatment were collected by centrifugation. The collected solids were washed twice by re-suspension in purified water followed by centrifugation. The solids were slurried in water, adjusted to pH 6.8 using 24% solution of sodium hydroxide, and freeze dried.
Protein concentrate
Defatted flour was added to 65-70% aqueous ethanol at a 1:10 wt ratio of flour to ethanol and mixed until a uniform dispersion was obtained. The flour/ethanol dispersion was then mixed at 40-50°C for 45 min. The dispersion was centrifuged to separate the liquid and solid fractions. The liquid fraction contained the sugar, ash and other minor constituents, whereas the solid fraction contained the protein curd. The protein curd was suspended in purified water and the pH adjusted to 4.5 using 25% HCl. The pH-adjusted suspension was first mixed at 40-50°C for 10 min and then centrifuged to clarify. The pellet was resuspended in purified water, adjusted to pH 6.8 by the addition of 24% NaOH, and freeze dried.
Toasted meal
Kernel material at 13.5% moisture was heated to 71.1-79.4°C and held at this temperature for 15-30 min. Kernels were then flaked in an A.T. Ferrell flaking roll. The flakes were extruded/expanded in a Readco Manufacturing, Inc. continuous processor, where they were turned into collets by steam injection and compression (exit temperature was 93.9-121.1°C). Collets were dried for 30-40 min at 65.6-82.2°C. Collets were defatted as described in the "defatted flour" section. Defatted collets were placed in a Reliance industries paddle mixer and heated to 104.4-115.6°C for 30-60 min. After cooling, the toasted meal was screened to pass an 8/64″ screen. The urease activity level of the toasted meal was tested (AOCS Official Method Ba9-58) and met specifications.
Crude lecithin and refined, bleach and deodorized (RBD) oil
The miscella (crude oil and hexane; see "defatted flour" section) was passed through a vacuum evaporator unit to separate the crude oil and hexane. The crude oil was heated to 90.6-96.1°C for hexane removal and then filtered. Crude oil was de-gummed by adding a weighed amount of water (2.0-3.0%) and mixing with the crude oil for 30-60 min at 70.0-75.6°C. After mixing, the de-gummed oil and crude lecithin were separated by centrifugation.
The free fatty acid (FFA) content of the de-gummed oil was estimated, and this value used to calculate the amount of 12°Baumé NaOH needed for oil neutralization. Defined amounts of oil and 12°Baumé NaOH were combined, and placed in a shaking type water bath at 20-23.9°C at high RPM for 90 min. The mixture was further incubated and mixed at low RPM for 20 min at 62.7-67.2°C. The neutralized oil (alkali refined oil) was recovered by centrifugation or filtering. Refined oil was heated to 40-50°C, activated bleaching earth added (1% by wt. of oil), and placed under vacuum. The temperature was increased to 85-100°C and maintained for 10-15 min. The cooled, bleached oil was recovered by filtering. This material was heated under vacuum for 28-32 min at 220-230°C. As this material cooled, a 0.5% solution of citric acid was added (1 ml per 100 g of oil). This material was the RBD oil.
Grinding of the whole seeds of MON 87708 and A3525
Approximately 10 g each batch of seed from DT soy and the negative control line (conventional soybean variety, A3525) were ground to a powder using a Harbil high-speed paint shaker (Fluid Management, Wheeling, IL). The whole seed were placed into Teflon™ tubes along with one steel ball (diameter: 1.25") per tube. The tubes were shaken at ambient temperature for 2 min. The grain powder was stored in a −20°C freezer until extraction.
Sample extraction
One set of sample materials (except crude lecithin and RBD oil) was T.C. Lee et al. Regulatory Toxicology and Pharmacology 102 (2019) 98-107 extracted in a denaturing buffer solution (25 mM sodium phosphate pH 7.2, 2% (w/v) sodium dodecyl sulfate (SDS), 1 mM benzamidine-HCl, 1 mM DTT, 10 mM MgCl 2 ) at a 1:20 (w/v) sample to buffer ratio. The denaturing buffer solution contained 2% (w/v) SDS (a highly denaturing anionic detergent) to maximize protein extraction for both the SDS-PAGE gel and western blot analysis. Extractions were performed by gentle mixing for 2 h at ambient temperature, followed by centrifugation (4000×g, 30 min, RT). The supernatant of each extract was collected.
An second set of sample materials (except crude lecithin and RBD oil) was extracted in a non-denaturing buffer solution (25 mM sodium phosphate pH 7.2, 1 mM benzamidine-HCl, 1 mM DTT, 10 mM MgCl 2 ) at a 1:20 (w/v) sample to buffer ratio. This set of extracts was for assay of DMO enzyme activity. Extractions for the second set were performed by gentle mixing for 2 h at 4°C, followed by centrifugation (4000×g, 30 min, RT). A 1 ml portion of the supernatant of each extract was collected and centrifuged at 10,000×g for 10 min at RT followed by buffer exchange over PD MiniTrap G25 columns (GE Healthcare UK Limited, Little Chalfont, Buckinghamshire) into DMO activity assay buffer (25 mM phosphate, pH 7.2, 10 mM MgCl 2 ). These samples were then frozen in a −80°C freezer until functional activity analysis.
Proteins in the RBD oil and crude lecithin test substances were extracted based on the procedure of Awazuhara et al. (1998) . RBD oil (20.00 g) was mixed for 1 h at RT with 5.0 ml of saturated ammonium sulfate solution. The mixture was centrifuged at 15,000×g for 40 min at 20°C, and the creamy insoluble layer between the oil and ammonium sulfate layers was collected. This insoluble layer contained the protein extracted from the oil. Additional lipid was removed from the insoluble layer by washing it with 12 ml of a wash solvent containing hexane, isopropanol, and water (6:4:1). The washed extract was centrifuged at 800×g for 5 min at 20°C, and the protein-containing insoluble layer was transferred to a clean tube, washed with 1 ml of the wash solvent, and centrifuged at 800×g for 5 min at ambient temperature. The wash liquid was carefully removed from the tube, and the insoluble layer containing the protein was dried under nitrogen gas. The dried sample was stored in a −80°C freezer and later re-suspended in 1 ml of nondenaturing extraction buffer prior to functional activity assay, SDS-PAGE, and western blot analyses.
The protein in crude lecithin was extracted with a solvent containing hexane, isopropanol, and water (3:2:1). Crude lecithin (1.00 g) was added to 12 ml of the extraction solvent, vortex mixed, and centrifuged at 800×g for 5 min at ambient temperature. The insoluble interface layer containing the protein was transferred to a clean tube, washed with 10 ml of the wash solvent (hexane, isopropanol, and water, 6:4:1), and centrifuged as before. The liquid was carefully removed from the tube, and the insoluble layer containing the protein was dried under nitrogen gas. The dried sample was stored in a −80°C freezer and later resuspended in 1 ml of non-denaturing extraction buffer prior to functional activity assay, SDS-PAGE, and western blot analyses.
Electrophoresis
Samples extracted under denaturing conditions, as well as, the crude lecithin and RBD oil extracts were mixed immediately after extraction or resuspension with 5 × loading buffer (LB) [312.5 mM TrisCl, pH 6.8, 10% (w/v) SDS, 50% (v/v) glycerol, 25% (v/v) 2-mercaptoethanol and 0.025% (w/v) bromophenol blue] and heated at 98.7°C for 3 min. Samples in LB were applied to a pre-cast Tris-glycine 4-20% (w/v) polyacrylamide gradient 18 well gel (BioRad, Hercules, CA). Following electrophoresis, proteins bands were visualized by Brilliant Blue G-Colloidal stain (Sigma-Aldrich, St. Louis, MO) or subjected to western blot analysis as described below. The volume of each sample extract analyzed by SDS-PAGE gel (Fig. 2) and western blot analysis (Fig. 3) is provided in the Figure legends.
Western blot analysis
In addition to the samples described above (with the extraction volume, initial sample weight, dilution factor and volume loaded summarized below), a standard curve of 0.1, 0.5, 1.0, 2.0, and 4.0 ng of DMO protein spiked into the conventional soybean extract was loaded on the gel. After electrophoresis, proteins were electro-transferred to a PVDF membrane (0.2 μM Bio-Rad, Hercules, CA).
For immunodetection, the membrane was blocked for 1 h with 10% (w/v) non-fat dried milk (NFDM) in 1 × phosphate buffered saline containing 0.05% (v/v) Tween-20 (PBST). The membrane was then probed with a 1:1000 dilution of goat anti-DMO polyclonal antibody. Finally, the membrane was probed with horseradish peroxidase (HRP)-conjugated rabbit anti-goat IgG (Thermo, Rockford, IL) at a dilution of 1:10,000. Immunoreactive bands were visualized using the ECL (Enhanced Chemiluminescence) detection system (GE Healthcare, Piscataway, NJ). The amount of DMO per lane (ng) was then used to calculate the total ppm of DMO in each processed fraction as follows:
(amount quantified (ng) × extraction volume (ml) × DF)/(initial sample weight (mg) × volume loaded (ml)) = total ppm DMO Where the amount quantified is the amount of DMO calculated per lane by the Quantity One software based on the standard curve, the extraction volume is the volume (ml) of extraction buffer used for each fraction, initial sample weight is the amount (mg) of each processed fraction, whole seed or soy food, initially weighed out prior to extraction, DF is the dilution factor from the immunoblot sample preparation, and volume loaded is the amount (ml) of sample loaded per lane (Table 2) .
Image analysis of blot films
Quantitative image analysis of DMO on the X-ray film was conducted using a Bio-Rad GS-800 densitometer with the supplied Quantity One software (version 4.4.0, Hercules, CA). The level of signal for DMO was determined by band volume (avg. band OD × band area in mm 2 ), with the band volume of the two visible DMO bands summed. Image analysis of the signal for the DMO protein that was spiked into conventional soybean matrix was used to establish a DMO standard curve. The resulting curve was linear from the LOD (0.5 ng) to 4 ng of DMO protein. All of the resulting bands from the extract samples were within the linear range of the standard curve. The DMO proteins were quantified against the standard curve using a linear regression equation generated by the Quantity One software. The total DMO concentration was reported as ppm (ng DMO detected/mg initial tissue weight). For any fractions for which no signal for DMO was detected, the concentration was reported as below the LOD of the blot. The LOD was defined as the lowest standard observed visually on the western blot film.
DMO enzyme assay
The functional activity of DMO present in non-denaturing sample extracts (including crude lecithin and RBD oil) was assayed in triplicate following methods previously reported (D'Ordine et al., 2009) . Samples were identified to contain functional DMO when the amount of the assay product, 3,6-dichlorosalicylic acid (DCSA), produced was above the LOD (0.1 nmol DCSA) for the assay. Values below the LOD of the assay were considered inactive.
Results and discussion
The safety assessments of proteins introduced into new GE crop follows globally accepted regulatory standards (Codex, 2003a; 2009; EFSA, 2011; FDA, 1992; OECD, 1993) . Importantly, these protein T.C. Lee et al. Regulatory Toxicology and Pharmacology 102 (2019) 98-107 safety assessments are based on a "weight of evidence" approach for characterizing any hazards of newly introduced proteins relative to exposure to the protein (Delaney et al., 2008) . Key studies in a "weight of evidence" strategy for assessing protein safety include: characterization of protein function (mode of action); identification of the enzymatic substrate or target receptor specificity; history of dietary exposure to the protein or close homologs thereof; comparison of the protein's amino acid sequence to databases that contain sequences of known protein allergens and toxins; and testing the protein's stability under conditions typically encountered during processing, cooking and consumption. Additional hazard characterizations for the newly introduced protein can include an assessment of the protein's acute toxicity. However, there are very few toxic proteins (Hammond and Cockburn, 2008) and a recent retrospective analysis of 15 + years of acute toxicity testing of proteins introduced into GE crops concluded that such testing is not needed when a reliable "weight of evidence" data set is available that establishes the protein of interest has a "history of safe use" (Hammond et al., 2013) . The specific molecular structure of a protein ultimately determines the protein's function. The stability of a protein's structure is governed by internal, or intramolecular, and external forces, which include intermolecular forces and any environmental forces acting upon the protein. Harsh or strong external forces utilized during the processing of grains, such as soy and maize, to produce feed and food products can have a significant impact on the integrity of the proteins present in the grain (Hammond and Jez, 2011). As described above, the cooking and processing conditions of soybeans (e.g., high heat, solvents) are, by design, sufficient to denature and/or degrade endogenous anti-nutrient proteins. Therefore, it is not surprising that the immuno-detectability of proteins introduced into GE soy crops is also be affected by such cooking and processing conditions (recently reviewed in NAS, 2016). Thermal denaturation and/or degradation of a protein can disrupt antibody-epitope recognition (for both conformational and linear epitopes) and can also impact protein solubility (or extractability).
The production of the tested soybean fractions involved a variety of thermal and chemical treatments comparable to commercial processes
Food and feed safety can be assessed by evaluating the risk of being exposed to a known hazard (Beer and Ismail-Zadeh, 2003) . A "weightof-evidence" approach was previously used to demonstrate that the dicamba monooxygenase (DMO) enzyme in soybeans, which confers tolerance to the dicamba herbicide (i.e., DT; dicamba tolerance), presents no hazard for human or animal consumption (Wang et al., 2016) . The purpose of the present study was to determine the effect of common commercial soy processing practices on the likelihood of being exposed to the functionally active and/or immunodetectable DMO protein expressed in DT soybeans used to make foods and processed fractions.
The materials used for analysis were produced batch-wise on a laboratory scale in a manner that approximates the conditions encountered during commercial scale production (Liu, 1997) . A flowchart summarizing the production of the two soy foods (soymilk, tofu) and eight standard soy processed fractions is provided in Fig. 1 [adapted from (OECD, 2012) ]. All of the processed fractions used in this study, except full fat flour, underwent thermal processing and/or chemical treatments. For each fraction/food produced, the temperature/chemical conditions employed, and the duration of exposure (when applicable) is summarized in Table 1 .
Pilot-scale soy processing replicates commercial-scale products
In soy commercial processing, the applied chemical and heat treatments are designed to denature (or inactivate) anti-nutrient proteins, such as protease inhibitors and lectins, while maintaining the nutritional value of proteins in the products (Batal et al., 2000; Caprita and Caprita, 2010; Caprita et al., 2010a Caprita et al., , 2010b . Analytical tests are typically used during commercial soy processing to assess the effect of thermal and chemical treatment methods on soy protein quality. These tests include evaluation of the protein dispersibility index in water (PDI, an indicator of the solubility of a protein in water), protein solubility in 0.2% (w/v) KOH (an indicator of protein quality), and the urease index (a surrogate test for trypsin inhibitor activity). Optimal thermal processing of soy proteins destabilizes the secondary and tertiary structure ("denaturation") of the proteins, improving digestibility and nutritive value in feed (Hammond and Jez, 2011; Mauron, 1990) . However, overheating of defatted soybean meal causes both a substantial decrease in protein solubility in 0.2% KOH, as well as, nutritive value. For example, heat treated defatted soybean meals with protein solubility values below ∼70% were demonstrated to be of impaired nutritive value when fed to poultry (Araba and Dale, 1990) . The heat (and/or alkali) treatments commonly employed in the processing of food can cause the generation of chemical changes such as crosslinked amino acids (e.g. lysinoalanine and ornithinoalanine), and amino acid racemization (Friedman, 1999 (Friedman, , 2003 Mauron, 1990) . These changes can reduce protein solubility, impact the availability of essential amino acids, and reduce protein digestibility. In the present study, assessment of the overall impact of processing on the total protein extractability from each fraction, food, or unprocessed seed was conducted using SDS-PAGE analysis.
The extractable protein profile for each of the 10 samples (two soy foods, and eight standard processed fractions) is shown in the stained gel in Fig. 2 (see lanes 5-14) . The major polypeptide components of soybean seeds and other protein enriched fractions derived from soy have been identified and have been well characterized by both one-and two-dimensional SDS-PAGE (Liu et al., 2008; Petruccelli and Anon, 1995; Sathe et al., 1987; Zarkadas et al., 2007) . Several of these polypeptides are readily identified in many of the fractions analyzed for this investigation (Fig. 2) . Bands corresponding to the endogenous soy proteins lipoxygenase (∼87 kDa), the three subunits of β-conglycinin (∼73, ∼67 and ∼46 kDa) and the major acidic (∼32 kDa) and basic (∼17 kDa) polypeptides of glycinin are present in all the samples except for RBD oil and crude lecithin. These results are expected as these major soy proteins are part of the soluble protein fractions that are removed during preparative processing of RBD oil and crude lecithin (Awazuhara et al., 1998) . The extractable protein profile of unprocessed DT and conventional soybeans were analyzed concurrently for comparison (lanes 4 and 3, respectively). For all of the extracts, with the exception of RBD oil and crude lecithin, the samples loaded represent the equivalent amount of protein extractable from 0.025 mg of starting material. Due to the low total protein content in RBD oil and crude lecithin, their loadings represents the recovery of protein from 2 and 0.042 mg of starting sample, respectively (Fig. 2, lanes 13 and 14) . DMO purified from DT soy was loaded as a reference (lane 2). As explained in Materials and Methods above, DT soy DMO runs as a cluster of two stained bands around the 37 kDa marker (Wang et al., 2016) .
The overall pattern of stained protein bands is the same between DT soy and conventional soy samples in a side-by-side comparison (lanes 3 and 4). The inability to resolve any faint DMO bands (∼37 kDa range) in the DT soy samples is because the high total endogenous protein content in soybeans (33-46% w/w, OECD, 2012), which dominates the overall stained protein banding pattern, relative to the low levels of expression of DMO in DT soy [43 μg DMO protein/g soybean seed, or ∼ 0.04% of total soy protein, Wang et al. (2016) ].
The pattern of protein bands on SDS-PAGE from the 10 processed fractions of DT soy showed variable intensities across all extractions except the RBD oil and crude lecithin, where no bands are visible. Lack of visible bands for RBD oil and crude lecithin is to be expected because these fractions are purposefully produced to enrich for lipids, thereby removing most of the proteins to levels undetectable by simple staining (Awazuhara et al., 1998; Martin-Hernandez et al., 2005 Ramazotti et al., 2008) . It was also observed that considerably less protein was extractable from inactivated full fat flour (Fig. 2, lane 6) T.C. Lee et al. Regulatory Toxicology and Pharmacology 102 (2019) 98-107 and toasted meal (Fig. 2, lane 10) than the other processed fraction samples. This is consistent with the observed negative correlation between protein solubility (PDI) and the extent of thermal processing (Batal et al., 2000; Caprita and Caprita, 2010; Caprita et al., 2010a Caprita et al., , 2010b . Both inactivated full fat flour and toasted meal were subjected to more extensive thermal processing (temperatures and duration) than the other fractions and foods (Table 1) .
DMO was immunodetectable in five of the eight processed fractions and in tofu
Western blot analysis with goat anti-DMO antibodies was used to detect and quantify the amount of immunodetectable DT soy DMO in the different soy processed fractions and foods. In an attempt to load approximately equal amounts of total protein across all fractions based on the results of the SDS-PAGE analysis (Fig. 2) , the loading volumes for four processed fractions (inactivated full fat flour, toasted meal, RBD and crude lecithin) and the two soy foods were doubled to 20 μl, compared to a loading of 10 μl for the remainder of sample extracts. In order to quantify the amount of DMO in samples, a lower limit of detection (LOD) of DMO was established for this western blot method.
Five amounts of DMO standard (4, 2, 1, 0.5, and 0.1 ng) were each combined with conventional soybean extract to control for any effect of the extract on antibody binding to DMO (Fig. 3, Lanes 2-6 ). The LOD for DMO was determined to be 0.5 ng (Fig. 3, lane 5) since this was the lowest standard visible on a blot. As expected (see Materials and Methods), the anti-DMO antibody recognized two bands migrating near the 37 kDa MW marker, corresponding to DMO and DMO+27 (Fig. 3,  lanes 2 -5, 8-9, 11-14, & 16) . DMO is the fully processed form of the protein while DMO+27 includes an additional 27 amino acids originating from the pea Rubisco small subunit/intervening sequence (Wang et al., 2016) . For ease of discussing the results in this paper, these two forms of DMO from DT soy are collectively referred to as simply "DMO". An antibody-detected band in the crude lecithin fraction had an apparent molecular weight that is below either of the expected molecular weights for DMO (Fig. 3, lane 18) . This band could represent antibody recognition of other non-DMO proteins in the sample or it represents a partially degraded, but still immunoreactive, form of DMO. However, absence of a protein standard for this protein contaminant or partially degraded form of DMO prevented further quantification.
DMO was immuno-detected in the extracts of the whole ground DT soy seed, five processed fractions (full fat flour, defatted flour, protein T.C. Lee et al. Regulatory Toxicology and Pharmacology 102 (2019) 98-107 concentrate, protein isolate, toasted meal) and tofu (Fig. 3) . Based on the DMO quantification curve used to determine the amount of immunodetectable DMO in each western blot sample (Table 2) , the level of DMO in whole seed, full fat flour, defatted flour, protein concentrate, protein isolate, toasted meal and tofu was determined to be 25, 29, 37, 44, 21, 6 and 8 ppm, respectively (Table 2) . For samples where no DMO was visible on the western blot, the LOD was used to estimate a "maximum DMO level". For inactivated full fat flour and soymilk, this maximum level of DMO was estimated to be < 0.5 ppm, and for RBD oil and crude lecithin, < 0.06 and < 3 ppm, respectively ( Table 2) . The lack of immuno-detectible DMO in inactivated full fat flour is consistent with the reduced level of total extractable protein, as observed by SDS-PAGE. The temperature and duration of treatment during the processing of inactivated full fat flour likely results in irreversible denaturation, aggregation or other physiochemical changes to the DMO protein that impact immuno-detectability and/or protein extractability. It should be noted that DMO levels are reported on a fresh weight basis for each fraction. Therefore, the denominator in the ppm values accounts for not only total protein, but also moisture and all other nonprotein components. Consequently, the ppm level of DMO in three of the fractions (full fat flour, defatted flour and protein concentrate) is higher than for whole seed because of processing steps, such as dehulling, defatting and selective protein precipitation, that enrich the proportion of protein relative to total mass in these fractions. Conversely, the observed levels of DMO tends to diminish as overall protein concentration would be expected to diminish, such as through dilution in soymilk (resulting in DMO being below the limit of detection, Table 2 ). This behavior is consistent with what is generally reported for soy proteins in these fractions (Liu and Limpert, 2004; Liu, 1999) . The exceptions to these overall trends are the fractions (e.g., tofu and toasted meal) that have been cooked or undergone extensive thermal processing; for these samples both the SDS-PAGE analysis and published PDI values (Batal et al., 2000) indicate that protein extractability is significantly reduced.
DMO functional activity was not detected in either food nor in six of eight processed fractions
Activity of the DMO protein in each of the processed fractions and foods was assessed to provide an evaluation of the impact of typical processing conditions for soybean on its functional activity. A highly sensitive fluorescence-based HPLC method was used for the DMO enzymatic analysis. This assay is based on the detection of 3,6-dichlorosalicylic acid (DCSA), which is the product of DMO enzymatic catabolism of dicamba (D'Ordine et al., 2009 ). Fig. 4 shows representative HPLC chromatograms for selected DMO enzyme assays. DMO enzymatic activity was observed in extracts from whole DT soy seed (Fig. 4 , Panel C), full fat flour (Fig. 4, panel D) , and defatted flour (Fig. 4, panel E) . In contrast, no DMO enzymatic activity was detected in the other six soy processed fractions and both soy foods (Table 2) . It is noteworthy that while immunodetectable DMO was present in tofu, protein concentrate, protein isolate and toasted meal, none of these processed soy products showed any detectable DMO activity. Therefore, it can be concluded that in tofu, protein concentrate, protein isolate and toasted meal, DMO is sufficiently intact to bind antibodies but processing conditions have sufficiently denatured the protein to cause loss of Fig. 2 . SDS-PAGE gel analysis of MON 87708 processed fractions and food products extracted in a denaturing buffer. All fractions were extracted in a denaturing buffer (containing 2% SDS) except RBD oil and crude lecithin, which were extracted according to the method of Awazuhara et al. (1998) Aliquots of the DT soy DMO protein standard, processed fractions, and food products were separated by SDS-PAGE and electro-transferred to a PVDF membrane. The membrane was incubated with a goat anti-DMO polyclonal antibody and developed using an ECL system. The 2 min exposure shown was scanned and analyzed using Bio-Rad Quantity One software version 4.4.0 to create a standard curve and used to quantify all detectable DMO bands. All fractions were extracted in a denaturing buffer [containing 2% (w/v) SDS] except RBD oil and crude lecithin which were extracted according to the method of Awazuhara et al. (1998) enzymatic function. This observation is consistent with previous conclusions that most proteins present in crops, including those introduced into GE crops, will be susceptible to denaturation during common food processing methods, consequently limiting human and animal exposure to these proteins in consumed foods and feeds (Hammond et al., 2013) .
The effect of heating on purified, soluble DMO has been previously characterized (Wang et al., 2016) . With purified, soluble DMO, no measurable enzymatic activity is observed when it is incubated at or above 55°C for 15 min. By comparison, some DMO activity was detected in defatted flour, a processing method that includes heating. To produce defatted flour, low moisture soybeans (< 12% w/w, cracked and de-hulled) were conditioned at ∼70-80°C prior to flaking. The flakes were subsequently treated with multiple washes of hexane at ∼50-60°C for oil extraction (see Table 1 ). Therefore, detection of DMO activity in this fraction suggests that the thermostability of DMO in the low moisture conditions of the soy matrix is somewhat higher than would be predicted from the studies with purified, soluble DMO (Wang et al., 2016) . Studies with other proteins introduced into GE crops in corn, (Kusnadi et al., 1998) , and canola seeds (Bai and Nikolov, 2001) , have reported similar results. Specifically, it was shown that the transgenic recombinant β-glucuronidase (rGUS) protein, when expressed in GE corn kernals, retains functional activity after heating for 1 h at 70°C while the activity of purified GUS is completed abolished in short-term heating trial of 10-30 min at 70°C (Kusnadi et al., 1998; Xiong et al., 2011) . Similar observations were made for the rGUS protein when expressed in GE canola seed (Bai and Nikolov, 2001 ). Therefore, with both DMO and rGUS, heating denatures the introduced enzyme when tested as a purified, soluble protein, but is less affected by heating under low moisture conditions encountered in some processing methods performed on GE seed containing the respective enzymes. The ng per lane values were generated from a 2 min western blot film exposure using the band volume tool to quantify against the standard curve using a linear regression equation generated by the Quantity One Software version 4.4.0. These values were rounded for display purposes. The limit of detection (LOD) for the blot was 0.5 ng DMO and was defined as the lowest visible loading of the DMO on the blot film. N.D. indicates that DMO was not detected. For instances where no signal was observed on the blot film, the total ppm shown was extrapolated based on the LOD. 2 Total ppm DMO represents the ng of DMO protein per mg of tested material and was calculated (see Materials and Methods). 3 These represent whole seed samples. 4 Functional activity assay based on the HPLC-based fluorescence detection of a peak for DCSA (derived from the demethylation of Dicamba). Samples were considered functionally active when a DCSA peak greater that the LOD (0.1 nmole DCSA) was detected. The presence of DMO activity in the full fat flour and defatted flour fractions does not mean that functionally active DMO would be consumed in food products, as these materials represent bulk ingredients used by food manufacturers to prepare finished food items that will undergo further additional cooking and processing steps. For example, small amounts of full fat flour are included in bread making for bleaching purposes, which are subsequently baked at high heat before consumption. Defatted flour is often used to prepare textured vegetable protein products that undergo high temperature extrusion into meat substitute foods prior to further cooking and consumption (Liu, 1997) . Regardless, extensive and well-documented hazard assessments have demonstrated no hazards associated with exposure of active DMO in food or feeds.
Conclusions
This report characterizes the effect of processing of dicamba-tolerant soybeans into two food products and eight commercially relevant processed fractions on both the immunodetectability and enzymatic activity of DMO. Previous reports (de Luis et al., 2009; Diaz et al., 2002; Hammond and Jez, 2011; Klein et al., 1998) have demonstrated for GE crops, such as corn and sugar beets, that extensive processing (e.g., thermal, chemical or fractionation) causes dramatic reductions in the detectability of an introduced protein using immunological methodologies. Similar to these prior reports, DMO was immunologically detected by western blot in only one food, tofu, and in five of the eight processed fractions. This present study extended the analysis of the fate of proteins introduced into GE crops by showing that DMO enzymatic activity was not detected in either soy-derived food, and in only two of the eight processed fractions, full fat flour and defatted flour. These results demonstrate that DMO is not functionally active after processing except in samples that have been subjected to minimal processing steps.
These results are consistent with a prior published thesis (Hammond and Jez, 2011 ) that the temperature and/or chemical treatments used for the processing of soy (and corn) into consumable products would, in many cases, denature and render the introduced protein functionally inactive. As was concluded by Hammond and Jez (2011) , these processing methods significantly reduce dietary exposure to functionally active introduced protein. Therefore, the DMO content and activity in foods derived from DT soybean will, under most processing conditions, be present at levels substantially lower than those extrapolated based on the level of accumulation of DMO in intact harvested seed and in most cases present as an inactive protein.
